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ABSTRACT: Post-consumer recycled high-density polyethylene (PCR-HDPE) composites reinforced with 30, 40, and
50% of oil palm wood sawdust (OWS) were prepared by compression moulding. The effects of the OWS content and
the moulding temperature on the flexural and compressive properties of the composites were investigated and were found
to be highly significant. Increases in the proportion of OWS in the matrix caused a gradual worsening in the mechanical
properties of the composites. However, higher moulding temperatures moderately improved the mechanical properties.
Dynamic mechanical thermal analysis was used to study the viscoelastic behaviour, and thermogravimetric analysis was
used to study the thermal stability of the composites. The storage and loss moduli gradually decreased with increasing
temperature and significantly increased with increasing the proportion of OWS in the composites. The thermal stability of
the composites slightly dropped with a higher OWS content. These results suggest that PCR-HDPE and OWS can be used
to create composite materials with good mechanical and thermal properties.
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INTRODUCTION
The global production of plastics has increased from
approximately 1.5 million tonnes in 1950 to reach
245 million tonnes in 20081, resulting in a significant
contribution to municipal solid waste (MSW). For
example, the US generated at least 33.6 million tons of
post-consumer plastics in 2008, of which 28.9 million
tons (85.8% of total plastics in MSW) were landfilled,
2.6 million tons (7.7%) were combusted with energy
recovery, and 2.2 million tons (6.5%) were recycled2.
This suggests that the percentage reuse of plastic
waste is minimal. Therefore, attempting to increase
the value of plastic waste, for instance, by blending
post-consumer plastics with wood flour could be im-
portant. The use of recycled plastics would not only
decrease the consumption of natural resources and
energy but also provide an effective and safe means
of disposing of plastic waste3. A small number of
studies have reported the use of recycled plastics in
a matrix of wood-plastic composites (WPCs). For
example, the feasibility of using recycled high density
polyethylene, polypropylene, and old newspaper fibre
to manufacture composite panels was investigated and
found that recycled materials can be used to manu-
facture value-added panels without diminishing board
properties. Wood/recycled plastic composite materi-
als were fabricated successfully by mixing recycled
HDPE and post-consumer wood sawdust from a single
screw extruder4. Recycled expanded polystyrene and
wood flour can be used to manufacture composites
with high mechanical properties and low density5.
Furthermore, composites made from post-consumer
recycled HDPE (PCR-HDPE) have similar or, in some
cases, better mechanical properties than composites
made from virgin HDPE6, 7. Natural organic flours
obtained from renewable natural resources are inex-
pensive fillers which are generated during different
stages of wood processing such as at sawmills and
in furniture making8. These wood flours have the
potential to be used as biodegradable reinforcing ma-
terials because of their acceptable specific strength
and modulus, low cost, low density, biodegradability,
easy fibre surface modification, good thermal insu-
lation, the absence of associated health hazards, and
the fact that they are renewable resources9. Natural
wood flours, such as those derived from rubberwood,
pine, maple, and oak have been successfully used
to improve the mechanical and thermal properties of
wood-plastic composites and to reduce their costs10.
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However, there has been only limited work done
on blends of oil palm wood sawdust and recycled
plastic composites. Increasing the use of recycled
plastics and waste wood products by turning them
into low cost wood-plastic composites holds out the
prospect of reducing solid waste disposal. Recycled
plastics are generally thermoplastics such as high
density polyethylene (HDPE), and their properties are
gradually decreased when they are heated. Thus the
aim of this study was to explore composites made
from waste oil palm wood sawdust and PCR-HDPE
and to investigate the effect of the wood sawdust con-
tent and the moulding temperature on the mechanical
and thermal properties and microstructure of oil palm
wood sawdust reinforced PCR-HDPE.
MATERIALS AND METHODS
Materials
Oil palm (Elaeis guineensis Jacq.) wood sawdust,
from more than 25 years old trees, was collected from
a local sawmill. The main chemical constituents are:
cellulose (29.2%), pentosan (18.8%), lignin (18.8%),
hemicellulose (16.5%), and ash (2%). The sawdust
was sieved through a standard sieve of 30–70 mesh
size and was dried in an oven at 105 °C for 5 h
before compounding. Recycled HDPE (rHDPE) was
procured from a local plastic recycling factory, and
originated mainly from the post-consumer recycling
of water bottles. The plastic water bottles were thor-
oughly ground in a plastic grinder and then washed
with water. After being oven-dried overnight at
100 °C, the granules were sieved through a standard
sieve of 40–140 mesh size. Maleic anhydride (MA;
Fluka 63 210, purum, > 98% NT) was added as a
coupling agent.
Preparation of composites
The mass ratios of biofibres to polymer and coupling
agent used to prepare different samples are listed in
Table 1. The recycled HDPE was dry-blended with
sawdust particles and maleic anhydride using a high-
speed mixer for 5 min. The mixtures were then
moulded in a compression moulding machine (Lin
Cheng Technologies, LCC 140, Taiwan) and samples
of each formulation were heated to 130, 150, or
170 °C before being placed on the bottom platen of a
mould. The mixtures were then hot-pressed for 50 min
under a pressure of 2500 psi. The panel thickness
was controlled by using 20 mm spacers. The final
composite panel size was 60 mm× 300 mm with a
thickness of 20 mm. Subsequently, the panels were
machined to conform to ASTM for each test.
Table 1 Composition of wood-plastic composites.
Code OWS (wt%) rHDPE (wt%) MA (wt%)
A 30 67 3
B 40 57 3
C 50 47 3
Characterization
Mechanical tests: The compression and flexural
properties of the composites were measured using
an Instron Universal Testing Machine (Model 5582,
USA). Compression tests were conducted according
to ASTM D 6108 at a testing speed of 5 mm/min.
For the flexural properties, three-point flexural tests
were performed in accordance with ASTM D 6109.
The tests were conducted at a cross-head speed of
2 mm/min. All the mechanical tests were carried
out at room temperature (25 °C) with five replications.
The average results and their standard deviations were
recorded.
Dynamic mechanical thermal analysis: Dynamic
mechanical thermal analysis (Rheometric scientific
DMTA V, USA) was also performed to measure
storage (E′) and loss (E′′) modulus. The mea-
surements were carried out in a dual cantilever
bending using rectangular specimens of dimensions
10 mm× 35 mm× 3 mm. The test was dynamic with
a temperature range of 25–200 °C at a heating rate
of 3 °C/min and strain amplitude of 0.1%. A load
frequency of 10 Hz was used.
Thermogravimetric analysis (TGA): A Perkin
Elmer (TGA-7, USA) thermal analyser was used for
TGA and to establish the thermal stability of the
composites. Approximately 5–6 mg samples were
scanned from 50–1000 °C under nitrogen atmosphere
at a heating rate of 10 °C/min. The onset temperature
was determined from the TGA curve.
Scanning electron microscopy: The state of dis-
persion, interface adhesion, and voids in the wood
flour in the polymeric matrix were analysed with a
scanning electron microscope (SEM). An FEI Quanta
400 microscope (USA) working at 15 kV was used
to obtain microphotographs of the surface of the
composites.
RESULTS AND DISCUSSION
Flexural and compressive properties
The flexural and compressive strengths of the WPCs
containing different amounts of OWS are shown in
Fig. 1 and Fig. 2, respectively. The flexural and com-
pressive strengths gradually decreased with increased
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Fig. 1 Flexural strength of WPCs at different moulding
temperature.
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Fig. 2 Compressive strength of WPCs at different moulding
temperature.
proportions of OWS in the matrix. These decreases
are a result of the system being immiscible causing
poor dispersion and adhesion of the wood particles in
the matrix, and the findings are in good agreement
with Ref. 11. From the SEM micrographs shown
in Fig. 3, it can be observed that when the OWS
concentration was increased, the matrix coverage was
insufficient and many voids appeared leading to weak
interfacial adhesion. Any initial separation spreads
easily12, and thus reduces the mechanical strength of
the composites. In addition, the many voids or cavities
in the structure of oil palm wood are another signifi-
cant factor in the reduction of mechanical properties.
Further, the different moulding temperatures sig-
nificantly affected the mechanical properties. For all
formulations, the flexural and compressive strengths
gradually increased with increasing temperature.
These increases are due to the melting of the polymer
matrix in the composites, and could be explained as
the higher degree of melting of the polymer enabling
it to have more mobility by the polymer segment
chains and so the matrix may involve better the fibre,
resulting in good adhesion between the (hydrophilic)
sawdust and the (hydrophobic) polymer matrix.
Morphological structure of the composites
The interaction of the OWS filler and its compatibility
and dispersion in the PCR-HDPE matrix was studied
using an SEM. The morphology of the composites
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Fig. 3 SEM micrographs of PCR-HDPE composites con-
taining (a) 30, (b) 40, and (c) 50 wt% of OWS.
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revealed poor interfacial adhesion and dispersion be-
tween the OWS and the polymer matrix (Fig. 3). From
Fig. 3b and c, it is evident that the matrix surface in the
composites included a large number of empty spaces
and agglomerations of sawdust13. This result is due
to the presence of lignin and the OH groups on the
cellulose, which bind the sawdust to form agglomera-
tions14. Further, increasing the OWS content weakens
the interfacial adhesion and increases the number of
voids because of the difficulty of dispersing the OWS
particles and their propensity to strong agglomeration.
This leads to a reduction in the mechanical properties
of the composites.
Dynamic mechanical thermal properties
The temperature dependence of the dynamic storage
modulus (E′) and the loss factor (tan δ = E′′/E′)
for composites with 30 wt%, 40 wt%, and 50 wt%
of OWS is shown in Fig. 4. In all formulations, the
storage modulus gradually decreased with increasing
temperature and then suddenly dropped as the material
became sufficiently soft15. The storage modulus sig-
nificantly increased with higher proportions of OWS
to PCR-HDPE. This may be because of the increase in
the stiffness of the matrix caused by the reinforcement
effect imparted by the OWS, because wood sawdust is
more rigid than the polymer matrix16. Above 150 °C
for all formulations, the storage modulus suddenly
decreased due to the phenomenon widely known as
melting temperature. This behaviour shows that the
melting temperature of WPCs is independent of the
proportion of sawdust filler in the mixture. Addi-
tionally, the difference in the tan δ values between
sawdust loading at low temperature is only marginal.
At higher temperatures (> 160 °C), however, this
difference is more predominant17. The tan δ values
for all the OWS and PCR-HDPE composites increased
with increasing temperature, but the increasing OWS
content decreased the tan δ values at higher tempera-
tures. The result is in good agreement with previous
work18. The addition of wood flour reduces the tan δ
peak height by restricting the movement capacity of
the polymer chains. In the polymers, the molecule
chain segments are independent from restraints19.
The loss modulus (E′′) showed similar trends to
the storage modulus. The E′′ values of the OWS and
PCR-HDPE composites are illustrated in Fig. 5. It is
evident that with the admixture of wood sawdust into
the PCR-HDPE matrix, the loss modulus increased
with the proportion of OWS. This phenomenon is
due to the higher OWS content increasing the internal
friction which enhances the dissipation of energy in
the composite5, 20. Additionally, the loss modulus
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Fig. 4 Temperature dependence of storage modulus and loss
tangent for composites filled with 30, 40, and 50 wt% of
OWS.
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Fig. 5 Variation in loss modulus with temperature for
composites filled with 30, 40, and 50 wt% of OWS.
value was noted to be higher due to the presence of
OWS which reduced the flexibility of the composite
material by introducing constraints on the segmental
mobility of the polymeric molecules at the relaxation
temperatures5, 20–22.
Thermal stability
Thermogravimetric analysis involves measurement of
the weight loss or gain of a material as a function of
time and temperature23, and it has proved to be an
effective method for evaluating the thermal stability
of polymers24, 25. The TGA and derivative thermo-
gravimetric (DTG) curves of PCR-HDPE composites
containing 30 wt%, 40 wt%, and 50 wt% of OWS are
shown in Fig. 6 and Fig. 7, respectively. The ther-
mal stability was markedly reduced with increasing
OWS content. Fig. 7 shows that the decomposition
profiles of the OWS and PCR-HDPE composites are
characterized by two peaks. The first one, which
corresponded to the degradation (TGA) of wood
components (e.g., hemicelluloses, cellulose, lignin),
started at about 249, 231, and 195 °C with maximum
weight loss rates (DTG) at 364, 360, and 361 °C for
the composites with 30 wt%, 40 wt%, and 50 wt%
of OWS, respectively. The cellulose, hemicelluloses
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Fig. 6 TGA curves of PCR-HDPE composites containing
30, 40, and 50 wt% of OWS.
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Fig. 7 DTG curves of PCR-HDPE composites containing
30, 40, and 50 wt% of OWS.
component of the natural filler in the composites de-
graded in the temperature range 274–459 °C24. In the
second step, PCR-HDPE degradation (TGA) occurred
between 450, 442, and 440 °C with DTG at 501,
500, and 500 °C for composites containing 30 wt%,
40 wt%, and 50 wt% of OWS, respectively. This phe-
nomenon has also been reported for other polymers
reinforced with lignocellulosic fibres24, 26.
The TGA data relates to the temperatures corre-
sponding to initial weight loss. From Table 2, it can
be observed that the percentage weight decreased with
increases in both the OWS content and the tempera-
ture. Higher values of this percentage weight indicate
higher thermal stability of the composites24, 27. This
result was probably due to more degradation of OWS
than PCR-HDPE occurring, and the poor interfacial
adhesion between the OWS and the polymer matrix.
This is in good agreement with Ref. 21. An increase
in interfacial adhesion between the fibres and the
matrix increased the thermal stability and decreased
the percentage of weight loss. This result indicates
a significant effect on the thermal stability of the
composites after incorporating OWS filler.
Table 2 Weight percentage of OWS/PCR-HDPE compos-
ites at different temperatures.
Temperature (°C) Weight (%)
A B C
100 98.8 98.4 97.7
200 98.4 97.8 96.9
300 93.4 91.5 89.2
400 80.9 74.0 67.7
500 38.8 36.2 34.5
600 9.6 11.8 14.4
CONCLUSIONS
In this study, moulded composites were produced
from PCR-HDPE and OWS. The effects of the
proportion of OWS and moulding temperatures on
the flexural and compressive strengths were highly
significant. The composites with lower OWS content
and those subjected to higher moulding temperature
showed superior mechanical properties. However, the
morphology of the composites with a higher OWS
content demonstrated poor interfacial adhesion and
dispersion between the OWS and the polymer ma-
trix. Moreover, increasing the proportion of OWS
significantly increased the storage and loss modulus,
whereas the tan δ values decreased at higher tem-
peratures. The storage and loss modulus gradually
decreased with increasing temperature and then sud-
denly dropped at 150 °C, the melting temperature. The
TGA and DTG data showed that the decomposition of
the composites occurred at two peaks, corresponding
to the temperatures at which the OWS and PCR-
HDPE degraded, and thermal stability was observed
to decrease with a higher proportion of OWS in the
polymer matrix.
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